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Even moderate chilling temperatures may cause
important modifications in assimilate movement in
maize seedlings from the shoot to the roots, but there Introduction
is no information on long-distance transport of assimil-
Cultivation of maize in areas at high latitudes or altitudesates in plants subjected to vertical gradients of moder-
is limited mostly by its cold-sensitivity, as manifested byately low temperatures in the root zone. Seedlings of
a strong retardation of growth at temperatures from 10a chilling-tolerant (KW1074) and a chilling-sensitive
to 15 °C (Stamp, 1984; Verheul et al., 1996) as well as byinbred line (CM109) of maize were grown in a system
leaf necrosis and plant death at temperatures below 10 °Cthat allowed the maintenance of temperature gradi-
(Janowiak and Markowski, 1994).ents between the topsoil (0–10 cm) and the subsoil
The sensitivity of maize photosynthesis to low temper-(10–50 cm). After pregrowth at 24 °C until the third-
atures seems the main cause of low chilling-toleranceleaf stage, plants were subjected to chilling-stress
(Long et al., 1983; Stirling et al., 1993), as indicated byregimes for 6 d (17/17/17 °C, 17/17/12 °C, 12/12/12 °C,
a reduction of the photosynthetic rate, disturbances in12/12/17 °C, air/topsoil/subsoil). The time taken for
the photosynthetic electron transport (Dolstra et al.,the assimilates to enter the phloem from the second
1994), and changes in the composition of photosyntheticleaf increased at low temperatures for both lines, but
pigments (Haldimann et al., 1995). However, photosyn-to a much greater extent in CM109. Although mainly
thesis may not be the only limiting factor for maizeinfluenced by air and topsoil temperature, low temper-
growth at moderately low temperatures of 10–15 °Cature in the subsoil also affected this trait in CM109.
(Cre`vecoeur and Ledent, 1984), the usual temperatureThe speed of assimilate transport between the second
leaf and the mesocotyl in KW1074 was strongly situation at early maize sowing in Central Europe.
reduced by cool temperatures in the shoot and topsoil Co-ordinated growth processes at the whole-plant level
as well as by 12 °C in the subsoil in CM109, because (Engels and Marschner, 1992; Richner et al., 1996), in
the latter line had a larger portion of its root system combination with a functional morphology of both shoot
in the subsoil as compared to KW1074. The portion of and root (Stamp, 1984), are regarded as crucial for the
assimilates allocated to the root decreased at low tem- adaptation of maize to moderately low temperature.
peratures in both lines, but to a greater extent in Therefore, a temperature-stable transport of assimilates
CM109, and was controlled mostly by the subsoil tem- from source to sink is essential.
perature. After rewarming, values of all measured Earlier studies on assimilate transport from leaves to
parameters of assimilate transport returned to near roots in chilling-treated maize seedlings show that even
pregrowth levels within a few days. moderate chilling temperatures cause important modi-
fications in the movement of assimilates to the roots
(Sowinski and Maleszewski, 1990; Sowinski, 1993;Key words: Assimilate transport, low temperature stress,
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controlled-temperature water through two water baths that areSowinski and Kro´likowski, 1995). These studies were
horizontally separated at a depth of 10 cm.done on a wide spectrum of maize inbred lines and
Seeds were germinated in the dark on wet filter paper at
hybrids used in Polish breeding programmes. Observed 24 °C for 2 d. Seedlings with primary roots about 10 mm long
modifications of long-distance transport by low temper- were transplanted, one plant per tube and covered by a 5 cm
atures were strongly correlated with the level of chilling- layer of substrate, thus forcing the plants to develop mesocotyls
2–3 cm long. These elongated mesocotyls were the place oftolerance of the genotypes. Furthermore, it was shown
radioactivity detection (see below). Plants were grown in athat moderately low temperatures at the whole-plant level
controlled environment chamber at temperatures of 24/24/24 °Cdecreased the amount of assimilates transported to the (air/topsoil/subsoil ) for 12 d up to the third-leaf stage. The
roots in chilling-sensitive, but not in chilling-tolerant photoperiod was 12 h, and 300 mmol m−2 s−1 were provided
genotypes. Another, more detailed study (Sowinski, 1995) from a mixture of incandescent and cool-white fluorescent
lamps (Sylvania ‘Cool-White’ VHO, 235 W ). Relative airwith six inbred lines, including KW1074 and CM109,
humidity was maintained at 70%.confirmed these observations and showed further differ-
At the third–leaf stage, air and root zone temperatures wereences in processes of assimilate transport among geno- lowered and the following regimes applied for 6 d: 17/17/17 °C;
types with different chilling-tolerance, indicated by (i) an 17/17/12 °C; 12/12/12 °C; 12/12/17 °C (air/topsoil/subsoil ).
increase in the time at which assimilates appear in the Simultaneously, a control regime with uniform warm temper-
atures (24/24/24 °C ) was investigated. Due to faster growth atphloem, which was much greater in chilling-sensitive
24 °C and limiting tube length, control plants could beinbred lines than in chilling-tolerant ones; (ii) a decrease
monitored only up to the fifth day of the stress period. Afterin the speed of transport, although there were no distinct stress, growth temperature was raised to the prestress level, and
differences among genotypes with different chilling- the recovery of the plants was studied for 5 d.
tolerance; and (iii) changes in the proportion of assimil- Five seedlings per treatment and replication were harvested
at the third-leaf stage before the beginning of the temperatureates allocated to roots—increasing slightly in chilling-
treatments. Shoots and roots from the two separate root zonestolerant genotypes and markedly decreasing in chilling-
were dried at 65 °C for 2 d.sensitive ones.
Studies were undertaken to follow the transport of
assimilates in seedlings of maize subject to moderately Transport studies
low temperatures at the whole-plant level. Since the The time taken for assimilates to enter the phloem, the speed
changes in assimilate allocation to the roots correspond of transport and the proportion of assimilates distributed to
to reduced growth and activity of roots at moderately the roots were studied using the 14C technique, developed for
in vivo transport studies (Sowinski et al., 1990; Sowinski, 1995).low temperature (Sowinski and Maleszewski, 1989;
14CO2 was obtained by injecting NaH14CO3 with a totalSowinski and Kro´likowski, 1995), the question arises as activity of 5 MBq (74 MBq ml−1) into 10 ml of 2.5 M H2SO4.to whether a decreased demand of the roots for assimilates 14CO2 was fed into the middle part of the second leaf viainhibits long-distance transport or whether root func- photosynthesis during 10–15 min for chilled plants and during
tioning is limited by a reduced supply of assimilates. In 5–10 min for control plants, using a feeding chamber
(30×30×10 mm). The movement of 14C-labelled assimilatesorder to study the mechanisms involved in the reduction
was monitored by two counters (Sowinski et al., 1990) fittedof assimilate transport to the roots by suboptimal temper-
tightly to the leaf below the feeding area and to the mesocotyl.atures, maize seedlings were subjected to moderately low
The width and the height of the counter windows were 40 mm
temperatures, which are within the normal range of and 10 mm, respectively.
chilling events in spring. Transport kinetics were described by means of radioactivity
curves. The time at which radioactivity appeared in the
transport path was calculated as the time difference between
the time after half of the feeding period and the time when theMaterials and methods
radioactivity registered by the first detector had reached half of
Plant growth its maximum value. Speed of transport was determined as the
speed of the movement of radioactivity between the first andTwo inbred lines of maize (Zea mays L.) were used in the
the second radioactivity detector, by defining the movementexperiments: chilling-tolerant KW1074 and chilling-sensitive
time as the period between the times at which the radioactivityCM109 (Verheul et al., 1996). The inbreds were chosen from
values registered by the radioactivity detectors at the secondsix genotypes studied earlier (Sowinski, 1995) on the basis of
leaf and at the mesocotyl had reached half of their maximumtheir similar growth patterns.
values, and the movement distance being defined as the distancePlants were grown in a solid substrate, a mixture of 95%
between the detectors.(w/w) fine sand (0.08–0.12 mm) and 5% vermiculite powder.
For measuring the proportion of 14C-labelled assimilatesA modified Hoagland solution containing 4.5 mM
distributed to the roots, plants were harvested when theCa(NO3)2.4H2O, 2.5 mM NH4NO3, 2 mM MgSO4.7H2O, radioactivity measured by the detector at the mesocotyl had1 mM KH2PO4, and 1 mM K2SO4 was added to the substrate decreased to a minimum, which indicated that the transport of(15%, w/w). Moist substrate (1.8 kg) was filled into aluminium
14C assimilates to the roots was completed. Plants were driedtubes, 6 cm in diameter and 50 cm in length. The tubes were
at 65 °C for 48 h. The dried shoots and roots were groundinstalled in a water bath system (Richner et al., 1992) that
separately, and their radioactivity was measured in a scintilla-allows the maintenance of different temperatures in the upper
(0–10 cm) and lower part (10–50 cm) of the tubes by circulating tion cocktail.
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Statistics
The experiment was conducted with four replications. Data
shown represent means ±SE.
Results
Growth
Shoot and root growth were measured before the onset
of chilling at the third–leaf stage (Table 1). The shoot
and root biomass did not differ significantly between the
two lines, but great differences existed in the distribution
of root biomass between topsoil and subsoil. Contrary to
KW1074, a significantly larger part of the root system of
CM109 was located in the subsoil.
Entrance time
KW1074 needed 3.5±0.5 min (Fig. 1A) and CM109
4.4±1.1 min (Fig. 1B) for the assimilates to enter the
phloem at 24 °C. The time needed increased in response
to chilling in both lines, but the increase in time was
usually much greater for the chilling–sensitive CM109
than for KW1074. The time taken was longer at a shoot
and topsoil temperature of 12 °C than at 17 °C. At a
moderately cool temperature of 17 °C in the air and
topsoil, varying the temperature in the subsoil had no
impact on entrance time, whereas at 12 °C air and topsoil
temperatures, entrance time was almost comparable to
the less rigid temperature regimes at least for KW1074
Fig. 1. Time taken for assimilates to enter the phloem [min] in seedlings
when the subsoil was kept at the warmer 17 °C. Under of the inbred lines KW1074 (A) and CM109 (B) of maize, grown at
temperatures of 24/24/24 °C (air/topsoil/subsoil ) during pregrowth andthe most severe chilling treatment, entrance time remark-
regrowth periods, and 24/24/24 °C, 17/17/17 °C, 17/17/12 °C,ably increased towards the end of the chilling period for
12/12/12 °C, 12/12/17 °C during the chilling period. Means are averages
the chilling-sensitive CM109. After rewarming, entrance of a minimum of three replications ±SE (indicated by vertical bars if
larger than symbols).time decreased to the pregrowth levels in both lines under
all temperature regimes.
of transport in this line was twice as high at a shoot and
Transport speed
topsoil temperature of 17 °C than at 12 °C. In CM109,
the speed of transport was least decreased at 17/17/17 °CThe speed of movement of 14C assimilates between the
leaf and the mesocotyl continued to increase until the and most at 12/12/12 °C; plants grown at 17/17/12 °C and
12/12/17 °C maintained intermediate values. An alterationthird–leaf stage. It was 86.5±6.0 cm h−1 in KW1074
(Fig. 2A) and 105.1±10.4 cm h−1 in CM109 (Fig. 2B) of the temperature of the subsoil had no clear effect on
transport speed in KW1074 during chilling, whereas inbefore chilling. The speed of transport was strongly
reduced at low temperatures, and in KW1074, little CM109 transport speed was much lower at a subsoil
temperature of 12 °C compared with 17 °C at both 17 °Cinfluenced by the temperature of the subsoil. The speed
and 12 °C in the air and the topsoil. After rewarming, the
Table 1. Shoot and root dry weight per plant (mg) of two maize speed of transport recovered within 2 d to the level
inbred lines at the third-leaf stage after growth at 24 °C observed in control plants of the same physiological age.
Means followed by different letters are significantly different among
genotypes at the 0.05 probability level according to LSD. Proportion of assimilates allocated to the roots
KW1074 CM109 By the end of the pregrowth period at 24 °C, both inbred
lines had allocated a similar percentage of total applied
Shoot 167.2 a 177.9 a
14C assimilates to the roots. Root radioactivity inRoot
0–10 cm depth 74.6 a 48.6 b KW1074 (Fig. 3A) was 26.1±2.6% of the total plant
10–50 cm depth 51.1 a 63.7 b radioactivity, and in CM109 (Fig. 3B) it was 28.6±3.5%.
Total 125.7 a 112.3 a
At low temperature, the proportion of assimilates alloc-
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Fig. 2. Speed of transport of assimilates between the second leaf and
Fig. 3. Radioactivity of roots as a percentage of total plant radioactivitythe mesocotyl (cm h−1) in seedlings of inbred lines KW1074 (A) and
in seedlings of inbred lines KW1074 (A) and CM109 (B) of maize.CM109 (B) of maize. Otherwise as for Fig. 1.
Otherwise as for Fig. 1.
like CM109, which have a larger portion of root biomassated to the roots decreased much stronger in the chilling-
sensitive CM109 as compared to KW1074. In both lines, in the subsoil.
The time at which radioactivity first appeared in thea smaller proportion of 14C-labelled assimilates was found
at the cooler subsoil temperature (12 °C ), but differences transport path was strongly related to the ambient temper-
ature of the upper plant part. This is not surprising,between the subsoil temperatures of 12 °C and 17 °C
continued to increase in the chilling-sensitive CM109, and because the appearance of radioactivity is related to
carbon assimilation and metabolism and to short distancewere generally greater for both lines at 12 °C compared
with 17 °C in the air and the topsoil. After rewarming, transport and loading of the phloem with sucrose; pro-
cesses that all take place in the leaf. On the other hand,the percentage of assimilates allocated to the roots
increased again to about 35% of the total plant radioactiv- the increase in the time taken for the assimilates to appear
in the phloem, observed in chilling-sensitive CM109ity in both lines, which is equal or larger than the values
at the beginning of the stress period. towards the end of chilling regimes with subsoil temper-
atures of 12 °C as compared to 17 °C, shows that the
initially exclusive impact of shoot temperature on theDiscussion
entrance time of assimilates is modified by root temper-
ature later on. The results demonstrate that, at 17 °C inSpatial temperature regimes were chosen that are repres-
entative of chilling events in a Central European spring, the subsoil and 12 °C in the air and topsoil, the sensitive
line suffered a stronger retardation in time of assimilatecharacterized by simultaneous changes in air and topsoil
temperatures (Richner et al., 1996). At this time of the entrance during the stress period as the tolerant line at
12 °C in all three compartments.year, subsoil temperatures are usually still lower than air
and topsoil temperatures. After exceptionally long warm Underlying processes preceding the entrance of assimil-
ates into the transport path do not seem to be stronglyperiods, somewhat higher subsoil temperatures may have
a greater positive impact on chilling-sensitive genotypes related to reduced photosynthesis (Sowinski, 1995) or
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sucrose phosphate synthase activity at low temperature a reduced sink activity, i.e. root activity, rather than an
impeded assimilate transport within the shoot reduced(unpublished data) because the differences among the
inbreds of different chilling-tolerance level were rather the proportion of assimilates transported to the roots.
This is supported by Giaquinta and Geiger (1973) whosmall. For this reason, phloem loading initially seems to
be the major sensitive process in chilling-treated maize found that, after an initial inhibition, assimilate transport
through petioles or stems of a large number of speciesseedlings.
The speed of transport strongly depended on the tem- recovered almost completely even at temperatures near
0 °C.perature of the shoots and the topsoil in KW1074.
However, in CM109 the speed of transport clearly However, the observed changes in the proportion of
assimilates transported to the roots do not yet allowdepended also on the temperature of the lower root zone.
This may have been due to its large portion of roots in causal conclusions. The possibility of changes in the
synthesis of root-borne plant growth regulators due tothe subsoil. Chilling-tolerant lines such as KW1074, on
the other hand, may profit from moderately low topsoil low root zone temperatures in the subsoil should be
looked at in more detail because of the strong effects ofand continuing lower subsoil temperatures by a delayed
exploration of the subsoil. the subsoil temperature on long-term patterns of assimil-
ate allocation to roots. The influence of hormones onIn terms of Mu¨nch’s hypothesis (Mu¨nch, 1930) on the
mechanisms of long-distance transport of assimilates, the assimilate distribution (Aloni et al., 1986; Jones et al.,
1986) and even phloem loading (Lenton, 1984;osmotic pressure gradient generated by loading of osmot-
ically active assimilates in the source and unloading in Vreugdenhil and Kerckhoffs, 1992; Martinez-Cortina and
Sanz, 1994) has been postulated. Nevertheless, the ecolo-the sink is driving the flow of assimilates through the
phloem. Thus, a high sink activity results in a high speed gical significance of the influence of soil, especially subsoil
temperature, on long-distance transport of assimilatesof translocation. This relates to the present situation in
which the speed of transport generally decreased to a should be considered. Intensive root growth of maize
seedlings mostly in the upper soil layers may be advanta-lesser extent at warmer subsoil temperatures. In KW1074,
whose roots developed mostly in the topsoil, it was geous during early growth in spring, when the air and
topsoil are getting warmer, while the subsoil is still cold.observed that the speed of transport did not decrease to
the same extent, even if the subsoil was cold. However,
in CM109 seedlings, a larger portion of roots grew into
the subsoil as compared with KW1074, and the initial Acknowledgement
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